Abstract Tumor ablation by nanosecond pulsed electric fields (nsPEF) is an emerging therapeutic modality. We compared nsPEF cytotoxicity for human cell lines of cancerous (IMR-32, Hep G2, HT-1080, and HPAF-II) and non-cancerous origin (BJ and MRC-5) under strictly controlled and identical conditions. Adherent cells were uniformly treated by 300-ns PEF (0-2000 pulses, 1.8 kV/ cm, 50 Hz) on indium tin oxide-covered glass coverslips, using the same media and serum. Cell survival plotted against the number of pulses displayed three distinct regions (initial resistivity, logarithmic survival decline, and residual resistivity) for all tested cell types, but with differences in LD 50 spanning as much as nearly 80-fold. The non-cancerous cells were less sensitive than IMR-32 neuroblastoma cells but more vulnerable than the other cancers tested. The cytotoxic efficiency showed no apparent correlation with cell or nuclear size, cell morphology, metabolism level, or the extent of membrane disruption by nsPEF. Increasing pulse duration to 9 ls (0.75 kV/cm, 5 Hz) produced a different selectivity pattern, suggesting that manipulation of PEF parameters can, at least for certain cancers, overcome their resistance to nsPEF ablation. Identifying mechanisms and cell markers of differential nsPEF susceptibility will critically contribute to the proper choice and outcome of nsPEF ablation therapies.
Introduction
Intense pulsed electric fields (PEF) can compromise the integrity of the cell plasma membrane, the process referred to as electroporation or electropermeabilization [1] [2] [3] [4] [5] . PEF of 0.1-10 ms duration are broadly employed to introduce otherwise impermeable molecules into cells, including the intracellular delivery of cytotoxic agents, such as bleomycin to kill tumors [6] [7] [8] . Ablation of cancerous tissue can also be achieved by more intense PEF treatments which cause irreversible electroporation (IRE) [9] [10] [11] . The major advantage of IRE over other ablative techniques, such as radiofrequency ablation or cryotherapy, is that it is able to preserve sensitive structures, such as adjacent major blood vessels and the extracellular matrix [12] [13] [14] [15] . A recent review outlining the use of IRE in 16 independent clinical trials revealed encouraging results for the treatment of tumors located in close proximity to major vessels and bile ducts, including those in the liver, pancreas, lungs, and kidneys [16] . The authors identified IRE as being safe and effective in humans, with significant tumor regression and prolonged survival.
More recent research has extended PEF ablation protocols to nanosecond-duration pulses (nsPEF). Unlike IRE, nsPEF permeabilizes not only the plasma membrane, but also intracellular membranous structures, such as the mitochondria, nucleus, and endoplasmic reticulum [17] [18] [19] [20] [21] . The electropores formed by nsPEF are smaller (less than 1.5 nm in diameter) compared to IRE, and they have unique ion channel-like conductive properties [22] . Downstream effects of nsPEF include calcium mobilization [20, [23] [24] [25] [26] , cell swelling and blebbing [27, 28] , disassembly of actin structures [29] , activation of phosphoinositide signaling [30] , as well as the induction of apoptotic or necrotic cell death or autophagy [31] [32] [33] [34] [35] [36] . The role of Maxwell-Wagner polarization in membrane charging and electroporation gradually diminishes as pulses get shorter, and is replaced by other mechanisms, such as dielectric stacking. Certain phenomena, including a socalled ''bipolar cancellation,'' are unique to nanosecondduration pulses (perhaps including shorter microsecond range), whereas the effect of longer micro-and millisecond pulses is exactly the opposite [37] [38] [39] .
Different interaction mechanisms and bioeffects of nsPEF, as compared to traditional IRE, expand the options and offer new opportunities for tumor and tissue ablation. Killing cancer cells by nsPEF has been extensively explored in vitro [3, 31, [40] [41] [42] [43] , followed by successful tumor ablation trials in animals [44] [45] [46] [47] and in humans [48, 49] , without recurrence and with minimal side effects. In addition to inducing cell death, nsPEF inhibited cell proliferation and angiogenesis in tumors [47, 50] and triggered an immune response, preventing secondary tumor growth [44, 51] . Hence, the use of nsPEF to ablate tumors presents a promising therapeutic modality.
One of the most widely contemplated aspects of IRE and nsPEF in cancer therapy is their potential to selectively target tumors while sparing healthy tissues. Early studies observed profound differences in sensitivity of various tumor and normal cell lines when exposed to either 100- [52] or 10-ls [53] pulses, while the threshold for electropermeabilization was not different. More recent studies using nsPEF have reported differential sensitivity of various cell lines, with pulse durations ranging from 10 to 300 ns [40, 41, 48, [54] [55] [56] . We observed that selectivity for cell killing by PEF decreases as pulse duration increases [41] . It was also suggested that suspension cultures are more sensitive to nsPEF than adherent cultures [40, 54] . Yang et al. recently reported that a cancer cell line, basal cell carcinoma, was more sensitive to nsPEF than its paired normal cell line [55] . However, this study only compared two cell lines, and it is uncertain whether this phenomenon will extend to other types of cancers. Ivey et al. suggested that a finely tuned PEF could preferentially kill cancer cells in a heterogeneous model [57] . Cholesterol content could be a factor that determines cells' susceptibility to nanoelectroporation [58] .
While the data indicate a potential for nsPEF to selectively kill certain types of cells, the findings could be affected by media and protocol differences. Small differences in media composition and serum, including even batch-to-batch variation, are known to have a major impact on the survival of cells after electroporation [59] . Therefore, differential sensitivity to nsPEF of cell lines maintained in different media could in fact be a combined effect of nsPEF and media composition. Exposure of large quantities of adherent cells to nsPEF is not straightforward, and in previous studies, it required the detachment of cells from their substrate, to treat cells by nsPEF in suspension. This detachment and subsequent re-attachment can alter the cell's physiology and survival, and the nsPEF response of cells in suspension may not be fully representative of the effect on adherent cells. At present, the selectivity of nsPEF and their ability to target cancer cells is an area which needs further investigation.
We recently introduced a new method of PEF exposure devoid of the stressful cell handling [60] . Adherent cells are grown on glass coverslips with an electroconductive but optically transparent indium tin oxide (ITO) layer. PEF exposures are accomplished simply by aseptically placing a coverslip with adherent cells into a standard electroporation cuvette and delivering PEF, thus eliminating the steps of cell detachment and re-attachment (Fig. 1a) . The added benefits are the lack of electric field shielding by other cells, the ease of media change if needed, and reduced labor, enabling high-throughput protocols. In the present study, this method was employed to compare nsPEF susceptibility of different human cancer and non-cancer cells. Possible confounding impact of growth media was eliminated by selecting cell lines with the same growth medium requirement and procuring the medium and serum in the amounts sufficient for the entire set of experiments (to avoid batch-to-batch variations).
Under these strict and uniform experimental conditions, we observed striking differences in susceptibility to nsPEF, with a nearly 80-fold difference between the most and the least sensitive cell lines. nsPEF was not selective against cancer cells, and its efficacy showed no apparent correlation with cell size, morphology, or tested physiological variables.
Materials and methods

Cell lines and culture conditions
Four cancer and two non-cancer human cell lines (Table 1) were chosen for comparison and obtained from AmericanType Culture Collection (ATCC, Manassas, VA). All these cell lines required the same growth medium and were maintained at 37°C, 5% CO 2 . The growth medium was the ATCC-formulated Eagle's Minimum Essential Medium (EMEM) supplemented with 10% fetal bovine serum (certified OneShot format, FBS-OneShot, Life Technologies, Grand Island, NY), 100 IU/mL penicillin, and 0.1 lg/ mL streptomycin (Corning Life Sciences, Tewksbury, MA). Both the media and FBS were purchased in amounts sufficient for the entire series of experiments to eliminate any variability in batches which might affect survival [59] .
PEF exposure in electroporation cuvettes
We employed a recently introduced technique for PEF exposure of adherent cells grown on glass coverslips with an electroconductive but optically transparent ITO layer, without cell detachment [60] . Approximately 6 h prior to PEF exposure, cells were harvested, diluted to approximately 0.2 9 10 6 cells/mL with fresh growth medium, and seeded on ITO coverslips (85 lL of cell suspension per coverslip). The goal was to achieve about 50% confluency by the time of PEF exposure, to make sure that the overnight growth of PEF-and sham-exposed samples was not restricted even if there was no cell death. We utilized 8 mm diameter, # 1. ITO coverslips with cells attached were aseptically loaded into standard 1-mm gap electroporation cuvettes (BioSmith Biotech, San Diego, CA) filled with the exposure medium (EMEM supplemented with FBS-OneShot and 10 mM HEPES). The addition of HEPES was intended to maintain the constant pH 7.4, while the samples were at room temperature and outside the CO 2 incubator. The antibiotics were omitted from the exposure medium (as well as from the growth medium for subsequent incubation), because their effect on electroporated cells is difficult to predict.
For a typical set of experiments, coverslips were loaded into 38 cuvettes (5 sham exposures and 33 nsPEF exposures, using different pulse numbers). The cuvette was kept tilted (Fig. 1c) , to let the coverslip rest flat on the bottom electrode (anode), with the glass surface facing down, and the ITO surface with cells facing up into the buffer. Each coverslip was individually handled, exposed, and measured, and thus was regarded as a single experiment.
Trapezoidal 300-ns or rectangular 9-ls pulses from an AVTECH AVOZ-D2-B-ODA generator (AVTECH Electrosystems, Ottawa, Ontario, Canada) were delivered to the cuvette via a 50-to 10-Ohm transition module (AVOZ-D2-T, AVTECH Electrosystems) modified into a cuvette holder. Cells were exposed to different numbers of either 300-ns pulses (0-2000; 50 Hz, 1.8 kV/cm) or 9-ls pulses (0-200, 5 Hz, 0.75 kV/cm) at room temperature (22 ± 2°C). The sequence of different exposures was varied between sets of experiments, and sham exposures were inserted randomly between nsPEF exposures. Pulse trains of pre-determined duration and repetition rate were triggered externally by a model S8800 simulator (Grass Instruments Co., Quincy, MA). The pulse shape and amplitude ( Fig. 1d) were monitored using a 500 MHz, 5GS/s Tektronix TDS 3052C oscilloscope (Tektronix, Wilsonville, OR).
The maximal theoretically possible (adiabatic) heating (DT,°C) caused by PEF exposures was calculated as
where AD is the absorbed dose, J/g (Eq. 2, see below) and C is the specific heat of the medium [assumed at 4.2 J/ (g°C)]. The temperature rise from a single 300-ns or 9-ls pulse was no more than 0.01°C. For the most intense PEF treatment used (2000 pulses, 300 ns, 1.8 kV/cm, and 50 Hz), the maximal adiabatic heating was *7°C.
Because the experiments were conducted at room temperature (24°C), such heating was innocuous to cells which are cultured at 37°C. Moreover, these calculations yield the ''worst case scenario'' heating, which in reality is offset by heat dissipation. Once all exposures were completed, the coverslips were transferred to a 48-well cell culture plate containing the growth medium without antibiotics (300 lL per well) and incubated at 37°C, 5% CO 2 overnight.
Electric field simulation and measurements for PEF exposures on ITO coverslips
If cells grown on a ''regular'' glass coverslip are pulsed in a cuvette, the glass layer, which is a dielectric material, shields the cells from the electric field (Fig. 1b) . However, this protection can be cancelled by covering the surface of the coverslip, on which the cells are grown, by a layer of a conductive material. This layer becomes an additional electrode, as the conductive electrolyte solution makes a conductive pathway from the underlying cuvette electrode to the layer. As a result, the cells growing attached to the surface of the ITO layer can be efficiently exposed to PEF.
Since the ITO layer is not directly connected to any of the electrodes of the PEF generator, the actual value of the electric field created within the electric chamber, especially near the surface of the ITO layer, where the cells are located, cannot be straightforwardly calculated. We employed a finite-element simulation for the electric field distribution within an electroporation cuvette in which a glass coverslip with the ITO layer was placed on one of the electrodes, and verified the simulation results by experimental measurements. The simulation study, which was carried out with a COMSOL Multiphysics package version 4.4 (Burlington, USA) for 1-, 2-, and 4-mm gap cuvettes, has established that the electric field was uniform within a 3.5-mm radius from the center of the coverslip, with a gradual reduction further outward and an increase within 0.2-mm wide outer rim (see Supplementary Methods and Fig. S2 for details) . This pattern of the electric field distribution was consistent with the uniform distribution of electropermeabilized cells over the surface of the coverslip [60] . For every 100 V applied across a 1-mm gap cuvette, the simulated electric field at the ITO surface was 0.28 kV/cm (Fig. S2) . Taking into account that the actual cuvette gap often was larger than the nominal value (by 10-20%) and that the coverslip glass thickness could vary by 5-10%, the proportionality coefficient was rounded to 0.3 kV/cm. Hence, for the present study, we accepted that the application of 250 or 600 V across a 1-mm cuvette with an ITO coverslip produced the electric field of 0.75 or 1.8 kV/cm, respectively, at the coverslip surface.
The peak specific absorption rate (SAR p ; kW/g) and absorbed dose (AD; J/g) at the cell location were calculated as
where r is the conductivity of the solution (14.8 mS/cm for the exposure medium), E is the local electric field at the coverslip surface (kV/cm), q is the density of the solution (*1 g/cm 3 ), s is the pulse duration (s), and N is the number of pulses [61] .
The simulated electric field values were verified by direct measurements using a microelectrode glued to the ITO surface as a voltage probe and positioning the coverslip at different locations within a cuvette using a micromanipulator. The results of the measurements were remarkably close to the model predictions (Table S2) .
Cell viability assay
Approximately 20 h post-PEF exposure, Presto Blue reagent (Life Technologies, Grand Island, NY) was added to each well in a 1:10 dilution. After 1 h of incubation at 37°C, 5% CO 2 , fluorescence was measured with a Synergy 2 microplate reader (BioTek, Winooski, VT) using excitation at 530 nm and detection at 590 nm. Background fluorescence was subtracted from each reading (''blank'' samples containing ITO-coated coverslips with no cells), and readings were normalized to the mean value for shamexposed parallel controls. The survival values were plotted against the number of pulses to generate the survival curve.
Cell imaging on ITO coverslips at 20 h following nsPEF or sham exposure Following the ''Cell viability assay'', selected coverslips were visually analyzed and imaged using the Olympus IX81/FV1000 setup (see ''PEF delivery to individual cells and measurements of electroporative dye uptake''). The glass-bottomed chamber was filled with the exposure medium (see ''Cell lines and culture conditions'') supplemented with 1 lg/mL Hoechst (exc./em. 405/430-470 nm) and 5 lg/mL propidium iodide (PI; exc./em. 543/560-660 nm). Hoechst labeled all nuclei on the coverslip, whereas PI labeled dead cells. Still images were taken to assess cell appearance, size, shape, nuclear size, and the presence and location of any survivors.
PEF delivery to individual cells and measurements of electroporative dye uptake
To quantify the extent of cell membrane permeabilization by PEF (see ''Selective cytotoxicity of nsPEF does not correlate with the severity of electroporative damage of the cell membrane''), cells were grown on glass coverslips without an ITO layer. The experimental approach and dosimetry were similar to previously described [22, 62, 63] . Briefly, a coverslip with cells was placed in a glass-bottomed chamber mounted on an Olympus IX81 inverted microscope equipped with an FV1000 confocal laser scanning system. The chamber was filled with the exposure medium supplemented with 1 lM YO-PRO-1 (YP; exc./em. 488/505-525 nm) and 5 lg/mL PI. These membrane integrity markers are essentially non-fluorescent in the medium and do not penetrate into cells (or penetrate poorly) unless the membrane is compromised. Their penetration into cells is manifested by a profound increase in fluorescence and has been routinely used to quantify cell membrane permeabilization [62] [63] [64] . Nearly, rectangular 300-ns pulses were delivered to a selected cell or group of cells with a pair of tungsten rod electrodes (0.1 mm diameter, 0.25 mm gap). With a help of a robotic micromanipulator [MP-225, (Sutter, Novato, CA)], the electrodes were positioned precisely 30 lm above the coverslip surface, so that the selected cells were located in the center of the gap between the electrode tips. Electric pulses were triggered externally by a TTL pulse from the pClamp software via a Digidata 1322A output (Molecular Devices, Foster City, CA). The same software and Digidata output were used to synchronize nsPEF delivery and image acquisition. The electric field at the cell location was determined by 3D simulations with a finite-element Maxwell equation solver Amaze 3D (Field Precision, Albuquerque, NM). Images were taken every 10 s for 200 s, with nsPEF delivery triggered at 24 s into the experiment. Differential interference contrast (DIC) and fluorescent images were obtained with a 409, 0.94 NA dry objective. Data were analyzed and quantified using MetaMorph Advanced v.7.7.0.0 (Molecular Devices).
Statistical analysis
Statistical analyses were performed using a two-tailed t test, where p \ 0.05 was considered statistically significant. The region of logarithmic decline of the survival curve (see ''Cell viability assay'') was fit with a logarithmic function to determine the lethal dose (number of pulses) that decreased cell survival to 50% (LD 50 ). The fit and its 95% confidence interval were calculated using Grapher 11 (Golden Software, Golden, CO).
Results
Diverse susceptibility to 300-ns PEF across the different cell lines Four cancerous and two non-cancerous cells lines were treated by different numbers (from 0 to 2000) of 300 ns, 1.8 kV/cm, 50 Hz pulses. The 20-h survival was normalized to sham-exposed (0 pulses) parallel controls and plotted against the pulse number (Fig. 2) . The plots displayed profoundly different susceptibility to nsPEF, along with some remarkable similarities in the curve shape.
For each tested cell line, the survival curve could be described as having three distinct regions: it started with an initial resistivity shoulder (when cell survival remained unchanged or just modestly decreased with increasing the pulse number), continued with a logarithmic survival decline, and ended with a residual resistivity shoulder (Fig. 3a) . Fitting the second region with a logarithmic function (Fig. 3b) has enabled the quantification of nsPEF susceptibility, by determining LD 50 as the number of pulses which reduced survival to 50%. The 95% confidence interval for LD 50 was determined by calculation of a 95% confidence interval ''corridor'' range for the best fit (shown by shaded areas in Fig. 3b ) and measuring its intercepts with the 50% survival level. When these intercepts were at different distances from the mean LD 50 value, we conservatively used the larger of the two intervals.
The quantification of the survival curves has revealed striking differences in nsPEF susceptibility, nearly 80-fold between the most sensitive IMR-32 neuroblastoma cells and the most resistant HPAF-II adenocarcinoma cells ( Fig. 3c ; Table 1 ). Each of the remaining cell lines, including both non-cancerous (BJ and MRC-5) and cancerous cell types (Hep G2 and HT-1080), had intermediate sensitivities to nsPEF. Thus, under strictly uniform experimental protocols, using the same media and serum, and avoiding cell detachment for nsPEF exposure, we established that nsPEF was highly selective for cell killing, but was not particularly selective against cancer cells.
The residual resistivity was yet another unexpected characteristic of the survival curves. While it was reported earlier that exposures of suspension cells in electroporation cuvettes do not result in 100% cell killing [40, 41] , it was explained by possible non-uniform electric field exposure at the edges of the cuvette and in the suspension meniscus, as well as by possible shielding of some cells by other cells. However, shielding is not expected to occur on ITO coverslips, where cells are in a monolayer. The electric field, however, was somewhat reduced at the periphery of the coverslip (Fig. S2) , which could help cells at the peripheral rim to escape the lethal exposure. Another possibility was that the Presto Blue assay detected some residual metabolic activity from actually dead cells. To test if the residual resistivity was real or an experimental artifact, the coverslips were analyzed by fluorescence microscopy. We were able to find isolated live cells in the Fig. 2 Highly selective sensitivity of different cell lines to 300-ns PEF. The plots display cell survival 20 h after exposure to different numbers of 300-ns pulses (1.8 kV/cm, 50 Hz). The survival was normalized to the sham-exposed parallel control, mean ± SEM, 9-18 independent experiments per data point. For clarity, most error bars are plotted in one direction only and significant differences are not marked, see text and Table 1 . Note the log scale for abscissa center of coverslips even after the most intense treatments (Fig. 3d) . The nuclei of all cells were stained with a cellpermeable Hoechst (blue fluorescence), but in dead cells, it was quenched by red fluorescence of PI (red). The live cells could be identified by both DIC transillumination and blue fluorescence. Thus, the residual resistivity was not an artifact but reflected an unusual level of nsPEF tolerance in a limited sub-population of cells. Understanding the mechanism underlying this tolerance, as well as methods to overcome it, is essential for efficient tumor ablation by nsPEF and remains an area for future investigation.
nsPEF susceptibility does not correlate with cell or nuclear size or with other morphological features As a first step to reveal why tested cells respond to nsPEF so differently, we checked if any cytological characteristics, such as shape, size, nuclear size, or anything else in Fig. 3 Analysis of survival curves after 300-ns PEF exposure. a Survival curves shown in Fig. 2 share a similar shape which is indicative of three distinct regions: the initial resistivity shoulder, logarithmic survival decline, and the residual resistivity. For quantitation of PEF sensitivity, the logarithmic decline region can be fit with a log function. b Representative log fits (dashed lines) using the survival data for IMR-32, Hep G2, and HPAF-II cells. Shaded areas define the 95% confidence intervals for each fit. LD 50 was determined as the best fit value at 50% survival; the confidence interval for LD 50 is the width of the shaded area at 50% survival level. When the lower and upper limits of the confidence interval were at a different distance from the mean, the larger of the two values was used. c LD 50 for tested cell lines, measured as outlined in a and b. The error bars are the confidence intervals; the lack of error bar overlap indicates the significance of differences at p \ 0.05 or better, see Table 1 for numerical data. d Imaging confirms the presence of survivors even after the maximum tested PEF exposure (2000 pulses, 300 ns, 1.8 kV/ cm, 50 Hz). Representative DIC (top) and fluorescence images (bottom) from the center of ITO coverslips at 22-24 h after PEF exposure in indicated cell lines. Dead cells were stained with PI (red), and live cells were stained with Hoechst (blue). Insets show magnifications of selected areas Selective susceptibility to nanosecond pulsed electric field (nsPEF) across different human…cell appearance, might correlate with nsPEF susceptibility. A number of previous studies, in particular those relying on the electric circuit modeling, suggested that larger cells and/or cells with larger nuclei might be more vulnerable [1, 57, 65] , but it was not necessarily true in experimental studies [52] . However, we were unable to identify any morphological characteristics which would seem to correlate with nsPEF susceptibility. The nucleus size could be measured accurately by labeling it with Hoechst dye and using specialized modules of the MetaMorph software; however, it was not possible to measure the exact cell size in cells that formed tight clusters (such as HPAF-II or IMR-32). As far as we could judge by a visual inspection, the most sensitive cells, IMR-32, were among the smallest (Fig. 4a) and also had small nuclei (Fig. 4b) . The largest cells with large nuclei (MRC-5) had an intermediate sensitivity to nsPEF. HT-1080 cells had the same size nuclei as HPAF-II, but were six-fold more sensitive.
One might also expect that a smaller cell height above the coverslip surface could result in smaller induced membrane potential and diminished electroporation. However, the MRC-5 fibroblasts, which were clearly the thinnest above the coverslip, had an intermediate sensitivity. Contrary to the expectation, the most resistant cells (HPAF-II) formed a relatively ''tall'' monolayer. It might be packaging into tight clusters that reduced the loss of vital solutes into the medium and reduced the vulnerability of HPAF-II. However, HT-1080 was the second least vulnerable and did not form such clusters, whereas IMR-32, the most vulnerable, packed into tight clusters.
Within the limits of this study, we were unable to single out specific morphological characteristics responsible for nsPEF tolerance, and focused on cell physiological traits instead.
nsPEF susceptibility is not related to differences in cell metabolism
We noticed that control IMR-32 cells converted Presto blue relatively slowly compared to other cell lines. Since it was the most vulnerable cell line, we hypothesized that the low basal level of metabolism could be responsible for the reduced ability of cells to repair damages and survive after an nsPEF. This idea was tested by plotting the Presto blue conversion rate (as measured in control cells and normalized to the number of cells seeded) against the LD 50 value in the respective cell line (Fig. 5) . With the exception of IMR-32 cells, the rate of Presto Blue conversion did not appear to correlate with the sensitivity to nsPEF.
Selective cytotoxicity of nsPEF does not correlate with the severity of electroporative damage of the cell membrane Earlier studies on cells [66, 67] , lipid vesicles [68] , and planar lipid bilayers [69] showed that electroporation was dependent on the chemical composition of the plasma membrane, such as the cholesterol content. Recent experimental [58] and molecular dynamics [70] studies confirmed that cholesterol content could affect the degree of electroporation by nsPEF as well. Thus, it was logical to hypothesize that unknown differences in the plasma membrane composition could result in more severe permeabilization and, consequently, reduced survival in certain cell lines.
The extent of membrane permeabilization was tested by time lapse imaging of PI and YP uptake in cells grown and exposed to nsPEF on ''regular'' (non-ITO) coverslips, using the same approaches as we employed before [27, [62] [63] [64] 71] . The efficiency of electroporation of individual cells between a pair of tungsten rod electrodes is much lower than on ITO coverslips [34] , thus we had to use a higher electric field, 10.6 kV/cm. The YP cation is known to enter the cell through smaller electropores than the propidium cation, so comparing the uptake of the two dyes could potentially help to reveal differences in the size of pores after nsPEF treatments [63] .
Trains of 20 or 60, 300-ns PEF, 4 Hz, were tested in three cell lines selected for their diverse sensitivity to killing by nsPEF: IMR-32 (the most sensitive), BJ (intermediate sensitivity), and HPAF-II (the least sensitive). The experiments established a similar degree of membrane permeabilization to both dyes in all three tested cell lines (Fig. 6) ; under some conditions, the dye uptake was even higher in the least sensitive cells, HPAF-II. Interestingly, clustering of HPAF-II cells rendered no protection from the permeabilization by nsPEF, and they appeared more prone to blebbing than the other two cell lines (Fig. 6c) .
These results revealed little to no difference in the degree of electroporation by nsPEF between the different cell lines, and any differences observed did not correlate with the relative sensitivity to nsPEF.
Compared to the other two tested cell lines, the PI uptake in IMR-32 cells exposed to either 20 or 60 p became linear after 40 or 20 s, respectively. This linear growth in dye uptake indicates that the pores formed by nsPEF did not recover. Instead, it suggests that the pores remained open and did not shrink or reseal, which can ultimately lead to membrane rupture and cell death. Therefore, the enhanced sensitivity of IMR-32 cells to nsPEF may be due, at least in part, to reduced recovery of cells following exposure. However, this does not fully account for the selectivity by nsPEF, since there was similar recovery between the remaining two cell lines, BJ and HPAF-II, which still had very different sensitivities to nsPEF. Thus, there is likely some other factor contributing to the high degree of selectivity by nsPEF, and remains an area for future investigation.
Effects of increasing the pulse duration to 9 ls
In a previous study, we showed that increasing the pulse duration into the microsecond range increased the cell killing efficiency but eliminated the selectivity between two suspension cell lines [41] . Therefore, we tested if this observation holds true for adherent cells used in the present study. Three cell lines with high, intermediate, and low susceptibility to 300-ns PEF (IMR-32, Hep G2, and HPAF-II, respectively) were exposed to trains from 0 to 200 of 9-ls pulses (5 Hz, 0.75 kV/cm). The experiment protocol and data analyses were the same as with 300-ns pulses.
We found that IMR-32 and Hep G2 cells had essentially the same sensitivity to 9-ls PEF, while HPAF-II was about 25-fold more resistant ( Fig. 7; Table 1 ). Thus, shifting from 300-to 9-ls PEF has eliminated the selectivity between IMR-32 and Hep G2, reduced the selectivity between IMR-32 and HPAF-II, but increased the selectivity between Hep G2 and HPAF-II. However, it is possible that the difference between IMR-32 and Hep G2 was not revealed, simply because the LD 50 was already reached with just 1-2 pulses.
Consistent with the previous observations [41] , the equivalent absorbed dose (J/g) to reach 50% lethality was threefold (HPAF-II) or ninefold (Hep G2) lower with 9-ls a b Fig. 4 Increasing the pulse duration to 9 ls did not eliminate the residual resistivity in any of the three cell lines, with survival leveling off at around 10-20% (IMR-32 and Hep G2) or as high as 30% (HPAF-II).
Discussion
The principal result of this study is the demonstration of profound, up to 80-fold differences in nsPEF sensitivity between several human cell lines. The experimental procedures, protocols, and media were identical for all tested cell lines. Moreover, we adopted a novel experimental approach using ITO coverslips, which eliminated stressful cell handling and possible confounding impact of detachment and re-attachment of cells. We conclude that the established differences in nsPEF sensitivity are indeed a result of physiological differences in studied cells. However, it remains to be understood which specific characteristics determined the nsPEF sensitivity. To the extent it was studied, nsPEF sensitivity showed little or no relevance to cell shape or size, growth pattern, nucleus size, metabolic rate, or the degree of electroporative damage to cell membrane. This is consistent with the previous studies which could not correlate PEF sensitivity to cell size or other morphological features [40, 52] .
Increasing the pulse duration from 300 ns to 9 ls reduced the energy deposition needed to reach LD 50 , consistent with previous observations in suspension cells [41] . The selectivity for cell killing was altered in a complex way, by eliminating some differences which were present with 300-ns pulses, but emphasizing other differences. Such altered sensitivity pattern could potentially be reflecting the difference in cell death mechanisms triggered by PEF of different durations.
nsPEF selectivity showed no preference for killing based on whether the cells were cancerous or not, as the normal cell lines BJ and MRC-5 had an intermediate sensitivity. This is in contrast to a study by Yang et al. [55] which reported heightened sensitivity to 30-ns PEF in a cancerous cell line, basal cell carcinoma, compared to normal cells. However, this study only compared two cell lines, and its conclusions cannot be readily extrapolated to other cancerous and non-cancerous cells.
Our findings highlight the potential for using PEF to specifically target certain types of tumors. In contrast, other cancers are highly resistant to PEF and may require tuning of PEF exposure conditions for more efficient ablation, such as increasing the pulse duration, increasing EF amplitude, or increasing the extracellular Ca 2? concentration during PEF exposures [60, 72] .
Irrespective of the different sensitivity to nsPEF of the different cell lines, the survival curves had a common shape with three distinct phases: initial resistivity, logarithmic survival decline, and residual resistivity. In this last phase, cell survival leveled off to *5-10%, even at the highest doses, indicating the presence of a small population of cells that remained highly resistant to nsPEF. Although some residual resistivity was observed in the previous studies [40, 41, 54] , it could be an experimental artifact due to shielding of cells in the suspension, or due to a reduced electric field in the meniscus of the suspension. These explanations do not hold for ITO coverslip exposures, which, therefore, provided evidence for the highly diverse nsPEF sensitivity not only between cell lines, but also between individual cells within each cell line. The presence of these resistant cells could have a major impact on the successful ablation of tumors, thus stressing the need to identify the physiological characteristics responsible for nsPEF tolerance.
It has been previously shown that nsPEF can permeabilize and damage the mitochondrial membrane [17, 18, 33] , leading to ATP depletion and ROS formation [73, 74] . Different degrees of nsPEF-induced ROS formation or ATP depletion could potentially underlie the susceptibility to nsPEF-induced cell death. Indeed, nsPEFresistant U937 cells had less ROS formation and better survival following nsPEF exposure than nsPEF-sensitive Jurkat cells [74] , and oxidation-damaged areas of the cell Fig. 5 Metabolic rate in different cell lines does not correlate with their sensitivity to nsPEF. Cell metabolic rate was calculated in control samples (not exposed to nsPEF) as a rate of Presto Blue conversion to resorufin normalized to cell seeding density, and plotted against the respective LD 50 values. Mean ± SEM for 4-6 separate sets of experiments membrane were more sensitive to electroporation [75] . Therefore, damage to mitochondria by nsPEF may result in varying levels of ATP loss, ROS formation, and/or induction of either apoptosis or necrosis, which could contribute to the cells' sensitivity to exposure.
Another factor possibly related to nsPEF selectivity is the composition of the plasma membrane, particularly the phospholipid profile and cholesterol content. The depletion of plasma membrane cholesterol increased nsPEF sensitivity [58] . Interestingly, it has been reported that various solid tumors and malignancies have an accumulation of cholesterol and dysregulated cholesterol metabolism [76] . Similarly, the phospholipid profile in several cancer cell lines has been shown to be altered compared to normal cell lines, correlating directly with the malignancy of the cancer [77] [78] [79] [80] [81] . The phospholipids that were increased in cancer a b c Fig. 6 cell lines were those that have a tendency to accumulate in lipid rafts, which are rich in cholesterol. When lipid rafts are dysregulated in cancer, they promote cell transformation, tumor progression, and metastasis [81] . The accumulation of cholesterol, as well as alterations in the phospholipid profile, has been correlated with increased drug and hormone resistance [76, 78] and could potentially be responsible for the nsPEF tolerance as well. Understanding the nsPEF susceptibility and residual resistivity mechanisms is critical for the development of individualized cancer ablation protocols and for the accurate prognosis of the treatment outcome. Fig. 7 Cell survival after exposure to 9-ls pulses (0.75 kV/cm, 5 Hz). Survival was measured in three indicated cell lines, using the same protocols, as described in Fig. 2 . Mean ± SEM, N = 4-9 independent experiments per data point, see text, Fig. 2 , and Table 1 for more details
